ABSTRACT
glucose despite the presence of oxygen and mitochondria (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .However, aerobicglycolysis isnota unique feature of tumor cells as it is also found in nontransformed proliferating cells when sufficient glucose is available (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) In the present study we have quantified the rates of glycolyticand oxidativeglucose degradation by restingunstimulated and mitogen-stimulated proliferating rat thymocytes in order to calculate the ATP yields from both pathways.
The results indicate that aerobic glycolysis in proliferating thymocytes supplies the enhanced energy demand during S-phase and cell division.
The oxidant challenge to aerobic cells is not trivial. It is estimated that about 2% of the oxygen consumed by aerobic cells is diverted to the generation of superoxide and peroxide anions (47 Total ATP yield 344 100 1680 100
Proliferation of cultured thymocyteswas achieved by concanavalin A (10 zg/ml) and interleukin 2 (10 U/mI). Nonstimulated resting and ConAstimulated proliferating cells, harvested after 48 h of culture, were incubated at a celldensitybetween 1 and 5 X 10#{176} with 4 mM [U-'#{176}Cl-laheled glucose for60-120 mm at 37#{176}C. For details, see ExperimentalProcedures. Mean values ± SEM are given in molh'(10'#{176} ceIls) for14 separate experiments. The calculation of ATP is based on the production of 2 mol ATP/mol glycolytically and 36 mol ATP/mol oxidatively degradedglucose(3mol ATP/ 1 mol NADH and 2 mol ATP/1 mol FADH2 oxidized; a protonleak (73) decreasing these ratios is not considered in this calculation). Luminol chemiluminescence serves as a means to detect peroxide anions. For analysis of superoxide radical generation by these cells, superoxide dismutase-sensitive reduction of oxidized cytochrome c was measured (Fig. 3) . Since an almost equal amount of glucose has been found to be oxidized both in resting as well as in proliferating cells (Table 1) , the potential for ROS production is nearly identical in both cells. Lactate is the main end product of aerobic glycolysis, but the rate of pyruvate formation is significantly increased as well (Table 1) . Since the antioxidative function of pyruvate is well documented in the literature (48, 49) , the lack of ROS production by proliferating thymocytes with enhanced glycolytic activity is likely to be due to effective scavenging of ROS by pyruvate. To address this question, nonproliferating cells were incubated with physiologically relevant concentrations of pyruvate in the luminol-chemiluminescence assays. Pyruvate indeed suppressed the PMA-induced chemiluminescence quite effectively (Fig. 4) . From these results, it The incubation conditions, initiation, and measurement of chemiluminescence are described in the legend to Fig. 1 of TNF-mediated injury. They assume from the different effects observed that enhanced mitochondrial production of oxygen radicals generated from the ubisemiquinone site in the presence of antimycin A is a causal mechanism of TNF cytotoxicity. However, in our experiments antimycinA caused a marked reduction of glucose-supported, PMA-primed H202 production by intact resting thymocytes (Fig. 5) . The inhibitory effect of antimycin A has been reproduced in at least four separate experiments, whereas a stimulatory effect on H202 production by resting or proliferating rat thymocytes has never been observed.
We have no explanation for the discrepancy regarding the antimycin A effect between our results and those reported in the literature.
Nevertheless, our results provide suggestive evidence for glucose-supported production of H202 in mitochondria of thymocytes. Reduction of mitochondrial glucose oxidation in proliferating cells by transition to aerobic glycolysis therefore appears to be an additional mechanism-besides H202 scavenging by pyruvate-to limit ROS production. 
